Resistant hypertension, defined as blood pressure (BP) remaining above goal despite the use of X3 antihypertensive medications at maximally tolerated doses (one ideally being a diuretic) or BP that requires X4 agents to achieve control, has received more attention with increased efforts to improve BP control rates and the emergence of device-based therapies for hypertension. This classically defined resistant group consists of patients with true resistant hypertension, controlled resistant hypertension and pseudo-resistant hypertension. In studies where pseudo-resistant hypertension cannot be excluded (for example, 24-h ambulatory BP not obtained), the term apparent resistant hypertension has been used to identify 'apparent' lack of control on X3 medications. Large, well-designed studies have recently reported the prevalence of resistant hypertension. Pooling prevalence data from these studies and others within North America and Europe with a combined sample size of 4600 000 hypertensive participants, the prevalence of resistant hypertension is 14.8% of treated hypertensive patients and 12.5% of all hypertensives. However, the prevalence of true resistant hypertension, defined as uncontrolled both by office and 24-h ambulatory BP monitoring with confirmed medication adherence, may be more meaningful in terms of identifying risk and estimating benefit from newer therapies like renal denervation. Rates of cardiovascular events and mortality follow mean 24-h ambulatory BPs in patients with resistant hypertension, and true resistant hypertension represents the highest risk. The prevalence of true resistant hypertension has not been directly measured in large trials; however, combined data from smaller studies suggest that true resistant hypertension is present in half of the patients with resistant hypertension who are uncontrolled in the office. Our pooled analysis shows prevalence rates of 10.1% and 7.9% for uncontrolled resistant hypertension among individuals treated for hypertension and all hypertensive individuals, respectively.
INTRODUCTION
The prevalence of hypertension has been reported from survey data collected in different industrialized countries and has ranged from 22% (Canada) to 55% (Germany) in the 1990s. 1, 2 Results of survey data collected after 2006 are limited; however, data from the United States and England report similar prevalence rates a decade later (29% in 2007 and 30% in 2006, respectively). 3, 4 With fairly stable hypertension prevalence rates, focus has shifted more from hypertension awareness toward blood pressure (BP) control.
Although defining BP control, particularly in certain subpopulations of individuals with hypertension, is still debated, the cardiovascular and mortality benefits of BP reduction have been well established through hypertension outcome trials. [5] [6] [7] [8] [9] [10] [11] Early data indicated overall, poor BP control, especially in Europe where p10% of individuals with hypertension had a BPo140/90 mm Hg in the 1990s. 12 Control rates across Europe have since improved with recent reports indicating 19% control in 2001 (Germany), 28% in 2006 (England) and 37% in 2009 (Italy). 4, 13, 14 Interest in the hypertension population that is resistant to medical therapy has been renewed amidst a growing focus on improving BP control and the emergence of device-based therapies for hypertension (for example, catheter-based renal denervation and carotid sinus stimulation). Until recently, the prevalence of this population was not known. 15, 16 In the past few years, studies designed to define the epidemiology of resistant hypertension have emerged, and clinical trials investigating hard outcomes in resistant hypertension have been performed. This article will review the current data on the prevalence and outcomes of resistant hypertension and report a pooled estimate of resistant hypertensive prevalence in North America and Europe.
DEFINING APPARENT, TRUE AND PSEUDO-RESISTANT HYPERTENSION
Resistant hypertension was initially defined to identify a group of high-risk patients who may benefit from specialized care, including evaluation and treatment of secondary causes of hypertension. The definition was established in an American Heart Association (AHA) scientific statement as a BP that remains above goal in spite of optimal doses of three antihypertensive agents of different classes, one ideally being a diuretic. 17 By extension, if a patient achieves BP control with the addition of a fourth antihypertensive medication, he or she remains resistant. Accordingly, the resistant hypertensive population includes individuals with hypertension that are both controlled and uncontrolled by office measurement (Figure 1) .
The AHA definition of resistant hypertension does not make an attempt to distinguish between resistant and pseudo-resistant hypertension. Individuals with elevated office BPs due to whitecoat hypertension, improper BP measurement or medication nonadherence do not have true resistant hypertension but have so-called pseudo-resistant hypertension. 15, 16 In order to clarify that pseudo-resistance had not been excluded, epidemiological studies adopted the term apparent resistant hypertension, when referring to the group of patients with an office BP4140/ 90 mm Hg while taking X3 antihypertensive medications. 18 When pseudo-resistance has been excluded by 24-h ambulatory BP monitoring, proper office BP measurement technique and confirmation of medication adherence, then the distinction of true resistance can be made from apparent resistance (Figure 1 ). Therefore, true resistant hypertension is defined as a properly measured office BP4140/90 mm Hg with a mean 24-h ambulatory BP4130/80 mm Hg in a patient confirmed to be taking X3 antihypertensive medications. One of the challenges in establishing the prevalence of true resistant hypertension is excluding participants from the test population with pseudo-resistant hypertension.
PREVALENCE OF RESISTANT HYPERTENSION
The ideal study to estimate the prevalence of true resistant hypertension would require a prospective cohort study in a large hypertensive population with BP control established by forced titration up to full doses of three different classes of antihypertensive medications, including a diuretic. 15 Also, pseudo-resistant hypertension would need to be excluded by an established method of establishing adequate medication adherence (that is, electronic pill bottle monitoring, pill counts or toxicology), standardized BP measurement and 24-h ambulatory BP monitoring. To date, this study has not been performed, and resistant hypertension prevalence is estimated from: (1) BP control data in population studies, (2) subpopulations of outcome-based clinical trials, (3) retrospective analyses of registry data, and (4) population studies specifically identifying resistant hypertension (Table 1) .
Population studies with BP control data Population studies on the prevalence, treatment and control of hypertension provide indirect estimates of the prevalence of resistant hypertension. These studies often report overall BP control rates as well as the number of patients receiving X3 antihypertensive medications. By assuming similar control rates within the population taking at least three medications, one can estimate the percentage of patients uncontrolled on X3 medications and enumerate the prevalence of apparent resistant hypertension.
In an Italian study of patients being treated for hypertension by a general practitioner in 2009, 1856 of the 8299 patients were treated with at least three medications. The percentage of diuretic use and optimal medication dosing was not reported, although an angiotensin-converting enzyme inhibitor plus a diuretic was the most widely used two-drug combination. BP control rates, as defined by the European Society of Hypertension and European Society of Cardiology guidelines, 19 were 22.3% in the group receiving X3 medications.
14 Those uncontrolled on X3 medications in this treated hypertensive population would be estimated at 17.4%.
A study surveying the English population in 2006 identified hypertension in 30% of 47000 participants. Among those with hypertension, 1375 (54%) were treated. Two hundred and twenty of the treated participants were taking three medications, and 60 were taking four medications. Diuretic use was reported in 76% of those taking three antihypertensive medications. In the group being treated for hypertension, 52% had their BP controlled (o140/90 mm Hg). 4 From this study, the prevalence of resistant hypertension is estimated by including both those uncontrolled on three medications plus those receiving four medications, which represented 12.0% of the treated hypertensive population. If an estimated 31 persons who were controlled on X4 medications were excluded, then 9.8% of the treated population consisted of persons with uncontrolled resistant hypertension ( Table 1 ).
Subpopulations of outcome based clinical trials Two important limitations of estimating resistant hypertension prevalence from BP control data in population studies are that the antihypertensive medication regimen cannot be confirmed to be optimal (that is, appropriate dosing of antihypertensive medications of different classes, including a diuretic) and medication adherence is unknown. Obtaining BP control data from clinical trials should lessen these limitations as antihypertensive medications are titrated by protocol, are provided without cost and adherence strictly monitored. Similar to the population studies with BP control data, outcome-based clinical trials do not report the prevalence of resistant hypertension. However, applying the published control rates to the group requiring X3 antihypertensive medications, an estimate of the prevalence can be calculated.
In the Antihypertensive and Lipid-Lowering treatment to prevent Heart Attack Trial (ALLHAT), 433 000 patients aged455 years with hypertension and at least one additional cardiovascular risk factor were randomized to an initial antihypertensive medication (that is, chlorthalidone, amlodipine, doxazosin or lisinopril) with additional medications used if needed to obtain BP control. After 5 years of follow-up, 12 210 participants had BP control data for analysis and 65.6% achieved a BPo140/90 mm Hg. At study completion, 27.3% were taking X3 antihypertensive medications, and approximately 8% of those with controlled BPs were receiving X4 medications. Diuretic use at 5 years was reported as 80.5%, 16.6% and 15.7% for the chlorthalidone, amlodipine and lisinopril arms, respectively. 6, 19 By calculating both the number of participants uncontrolled on X3 medications (n ¼ 1 147) and the number of participants controlled on X4 medications (n ¼ 641), the prevalence of resistant hypertension in this North American-treated hypertensive population was approximately 14.6%. When considering only those uncontrolled on X3 medications, the prevalence falls to 9.4% (Table 1) .
In the International Verapamil-Trandolapril Study (INVEST), 22 576 patients aged X50 years with hypertension and coronary Resistant hypertension prevalence E Judd and DA Calhoun artery disease were randomized to sustained release verapamil or atenolol as baseline BP therapy. Trandolapril and/or hydrochlorothiazide was added to achieve a goal BP (o140/90 mm Hg or o130/95 mm Hg in those with diabetes mellitus or chronic kidney disease). After 2 years of follow-up, 44.7% (7025 out of 15 692 participants) required X3 antihypertensive medications and 71.2% achieved a BPo140/90 mm Hg. 20 In this treated hypertensive population, the prevalence of resistant hypertension was 12.9%.
In the Avoiding Cardiovascular events through COMbination therapy in Patients Living with Systolic Hypertension (ACCOM-PLISH) trial, 11 506 patients with hypertension and at high risk for cardiovascular events were randomized to benazepril plus amlodipine or benazepril plus hydrochlorothiazide with the addition of other antihypertensive agents to achieve BP control (defined as BPo140/90 mm Hg). At 1 year of follow-up, 32.3% of patients were receiving the maximum dosing of study medication in addition to at least one other antihypertensive medication. One-year BP control rates were 75.4% in the benazepril plus amlodipine group and 72.4% in the benazepril plus hydrochlorothiazide group. 9 In the 10 400 patients with BP control data at 1 year of follow-up, the prevalence of resistant hypertension can be estimated at 8.4%.
In the Losartan Intervention For Endpoint reduction in hypertension study (LIFE), 9193 participants aged 55-80 years with a BP 4160/95 mm Hg and evidence of left ventricular hypertrophy by electrocardiogram were randomized to losartanbased or atenolol-based therapy. After a mean follow-up of 4.8 years, 24% of participants were receiving X3 medications and 47.6% of participants achieved a BPo140/90 mm Hg. The estimated prevalence of resistant hypertension in this treated hypertensive population is 12.6%.
Retrospective analysis of registry data In outcome trials, the antihypertensive medication regimen is set by protocol and may not be designed to combine three drugs of different classes or preferentially use a diuretic. Also, study populations in outcome trials were selected to meet predefined levels of cardiovascular risk, and patients with difficult to treat BP may have been disproportionately excluded or included by protocol. Hypertension registries are attractive data sets for estimating prevalence, because they may be a more representative sample of the larger hypertensive population and avoid selective exclusion or inclusion of patients. A cross-sectional study designed to report the prevalence of resistant hypertension identified 429 000 hypertensive adults in a majority primary care research database from 2002 to 2005. 21 Resistant hypertension was defined as having a BP4140/ 90 mm Hg (or4130/80 mm Hg in patients with kidney disease or diabetes mellitus) on X3 medications, one being hydrochlorothiazide. Using this definition, 2670 patients (9.1% of the total hypertensive population and 12.4% of the treated hypertensive population) were classified as resistant. 21 The large hypertensive cohort allowed for stratification of BP control by the number of antihypertensive medications. Broadening the definition of resistant hypertension to include those controlled on X4 medication changes the prevalence only slightly (9.7% of the total hypertensive population and 13.4% of the treated hypertensive population).
Given that this analysis used one of the largest study cohorts to date to estimate the prevalence of resistant hypertension, it is worth identifying some of the study limitations. The study design attempts to select resistant patients based on a medication regimen that is close to ideal by requiring hydrochlorothiazide as one of the three or more medications. However, optimal drug dosing cannot be established retrospectively, maintaining suboptimal therapy as a cause of overestimation of true prevalence. Also, in the United States between 2002 and 2005 hydrochlorothiazide was the most commonly prescribed diuretic used to treat hypertension; however, other diuretic use, including loop diuretics in patients with chronic kidney disease, is missed when selecting patients solely by hydrochlorothiazide use. Lastly, pseudo-resistant hypertension due to medication nonadherence or white-coat hypertension could not be detected.
A study by de la Sierra et al. 22 attempted to distinguish between resistant hypertension and pseudo-resistant hypertension due to white-coat hypertension. Over 68 000 treated hypertensive patients were selected from a Spanish ambulatory BP monitoring registry in 2009. Among them, 10 052 (14.8%) were identified as resistant, defined by an office BP X140/90 mm Hg while receiving X3 antihypertensive medications, one being a diuretic or treatment with 44 antihypertensive medications regardless of office BP. Twenty-four hour ambulatory BP monitoring data were analyzed in the subpopulation of resistant hypertension that was uncontrolled on X3 medications (8295 patients, 12.2%). In this uncontrolled group, 37.5% (3113 patients) were found to have white-coat hypertension, defined by a 24 h average BPo130/80 mm Hg. 22 Therefore, the prevalence of true resistant hypertension (white-coat hypertension excluded) was estimated at 7.6% of this treated hypertensive population.
The study by de la Sierra et al. 22 is the second largest study reporting resistant hypertension prevalence and the only study designed to differentiate between resistant and white-coat-related pseudo-resistant hypertension. Medication adherence and optimization of the medication regimen could not be evaluated. However, these limitations would not affect 24-h ambulatory BPs. In fact, accounting for poor medication adherence or a suboptimal medication regimen would tend to increase the percentage of white-coat related pseudo-resistant hypertension in the resistant population.
Population studies specifically identifying resistant hypertension Data from the National Health and Nutrition Examination Survey (NHANES), which selects non-institutionalized adults in the United States through stratified, multistage probability sampling, has been used to examine hypertension awareness, treatment and control. Persell 23 identified close to 6000 adults with hypertension from the 15 070 NHANES volunteers with at least one BP reading from 2003 through 2008. In this group, 539 volunteers (8.9% of all hypertensives and 12.8% of all treated hypertensives) met criteria for resistant hypertension (BP4140/90 mm Hg on X3 drugs or controlled on X4 drugs). 23 Excluding those controlled on X4 medications (151 volunteers), uncontrolled resistant hypertension was seen in 9.2% of treated hypertensives and 6.4% of all hypertensives (Table 1 ). This definition of resistance did not include diuretic use, though the majority (85.6%) of the resistant population was on a diuretic. As with all population studies, the prevalence of resistant hypertension is underestimated by under treatment (28.3% of all treated hypertensives remained uncontrolled on p2 antihypertensive medications). However, optimizing the medical regimen (ensuring maximum drug dosing, different drug classes and diuretic use) in patients on three medications may lead to more BP control, making suboptimal antihypertensive therapy a potential over-estimation of resistant hypertension prevalence.
In a subsequent study, Egan et al. 24 subdivided the NHANES data set into time periods in order to estimate trends of resistant hypertension prevalence. Resistant hypertension (BP X140/ 90 mm Hg on X3 medications or controlled on X4 medications) among all hypertensives increased from 8.5% (1999) (2000) (2001) (2002) (2003) (2004) ) to 11.8% (2005-2008) . 24 The rise in resistant hypertension was despite an improvement in overall BP control rates (27.3% in 1988-1994 to 50.1% in 2007-2008) . 3, 25 Uptitration of the number of antihypertensive medications may be the main contributor to this discordance. The percentage of treated hypertensives receiving one medication fell between each of the three time periods (1988-1994, 1999-2004 and 2005-2008) , while the percentages of hypertensives receiving X3 medications rose between the three time periods. It appears that physicians, over time, were prescribing more antihypertensive medications, explaining the increasing BP control and the shift toward more patients on X3 medications. With a more optimized medication regimen, the 2005-2008 prevalence of 11.8% of all hypertensive patients likely represents a truer estimate of the prevalence of AHA-defined resistant hypertension.
In the largest study to date to report a prevalence of resistant hypertension, Sim et al. 26 identified 4470 000 persons aged417 years and diagnosed with hypertension in the Kaiser Permente Southern California health system. Results showed that 12.8% of all hypertensive individuals or 15.3% of all treated individuals met the classic definition of resistant hypertension, which includes those controlled on X4 medications. 26 Notably, BP control was higher than expected both within the entire hypertensive cohort as well as within the group with resistant hypertension. In total, 23 266 out of the 60 327 resistant individuals (38%) were controlled in the office. When excluding this controlled resistant group, the prevalence of uncontrolled resistant hypertension fell to 9.4% and 7.9% in all hypertensive individuals and treated individuals, respectively (Table 1) .
Although unable to directly identify poor BP measurement technique or white-coat hypertension, Sim et al. 26 did estimate medication adherence. Pharmacy dispense and refill histories were accessed, and medication adherence was defined as an average of at least 80% of days covered for the prescribed medications. Adherence was high throughout the entire hypertensive cohort (90%) and unexpectedly high among those with resistant hypertension (93%). The high medication adherence as well as the use of a simplified BP treatment algorithm within the Kaiser Permente Southern California health system may explain the substantial portion of BP control within the resistant hypertension group.
OUTCOMES OF RESISTANT HYPERTENSION
. After a median of 3.8 years, resistant hypertension, defined by AHA criteria, was associated with an increased risk of adverse cardiovascular outcomes (hazard ratio, 1.47; 95% confidence interval (CI), 1.33-1.62; Po0.001) by multivariable adjusted Cox model. 27 These findings were corroborated in the large, retrospective analysis by Sim et al. 27 Although not directly assessing outcomes, Sim et al.
27
did use an adjusted logistic regression model to show that individuals with resistant hypertension had an increased odds of cardiovascular comorbidities, including ischemic heart disease (odds ratio, 1.34; 95% CI, 1.30-1.39), congestive heart failure (odds ratio, 1.78; 95% CI 1.72-1.86) and chronic kidney disease (odds ratio, 1.84; 95% CI, 1.78-1.90) when compared with individuals with non-resistant hypertension. 26 Data from prospective studies suggest that cardiovascular events directly correlate with mean 24-h ambulatory BP in individuals with resistant hypertension, highlighting the importance of distinguishing between true resistant hypertension and pseudo-resistance due to white-coat hypertension. Pierdomenico et al. 28 evaluated the occurrence of fatal and nonfatal cardiovascular events in 340 patients with a controlled clinic BP, 146 patients with white-coat hypertension and 130 patients with true resistant hypertension where white-coat hypertension was excluded. During a 4.8 year follow-up period, the event rate per 100 patient-years was a 0.87, 1.2 and 4.1 in the controlled hypertension, white-coat hypertension and true resistant hypertension groups, respectively. After covariate adjustment, individuals with true resistant hypertension had a 2.94 times greater cardiovascular risk when compared with the controlled hypertension group. Notably, in this analysis no significant difference in cardiovascular risk was detected between individuals with white-coat hypertension and those with controlled hypertension. 28 A prospective follow-up study of 556 patients with resistant hypertension extended the known increased cardiovascular risk to all-cause mortality risk in individuals who were uncontrolled both in the office and by 24-h ambulatory BP monitoring. After adjustments for age, sex, body mass index, diabetes mellitus, current smoking, physical inactivity, dyslipidemia, previous cardiovascular disease, serum creatinine level and number of antihypertensive medications in use, true resistant hypertension was found to have twice the chance of dying when compared with white-coat hypertension (hazard ratio, 2.00; 95% CI, 1.12-3.55). Furthermore, in this study higher mean ambulatory BPs were independent predictors of the composite end points of fatal and nonfatal cardiovascular events. 29 This association between higher mean ambulatory BPs and cardiovascular events in patients with resistant hypertension has been previously reported. 30 
CONCLUSIONS
Although the ideal study to estimate the prevalence of true resistant hypertension has not been performed, there exist a number of well-designed trials from which prevalence rates of resistant hypertension can be estimated (Table 1) . Prevalence rates for resistant hypertension meeting the AHA criteria ranged from 8.4% to 17.4% among individuals treated for hypertension with a pooled average of 14.8%. In the four studies where resistant hypertension prevalence among all hypertensive individuals was estimated, prevalence rates ranged from 8.9% to 12.8% with an average of 12.6%. 21, 23, 24, 26 Due to the direct relationship between mean 24-h ambulatory BP and adverse cardiovascular outcomes, reporting the prevalence of uncontrolled resistant hypertension may be more important for risk assessment and estimating benefit from device-based therapies for hypertension. Pooled prevalence rates for uncontrolled resistant hypertension are 10.1% and 7.9% among treated and all hypertensive individuals, respectively. When interpreting the results from studies discussed above, it is important to identify the potential underestimation and overestimation of prevalence rates. Failure to uptitrate the number of antihypertensive medications in those uncontrolled on 1-2 medications (that is, retrospective analyses), patient drop out and patient exclusion would all underestimate the number of resistant patients and therefore underestimate the prevalence of resistant hypertension. Pseudo-resistant hypertension from whitecoat hypertension, medication nonadherence or inaccurate BP measurement and suboptimal medication regimens of X3 medications (duplicate drug classes, medication under dosing or failure to include a diuretic) would overestimate the number or resistant patients and therefore overestimate the prevalence of resistant hypertension.
For example, uncertainty exists when interpreting the prevalence rates from outcome-based studies like ALLHAT, LIFE, INVEST and ACCOMPLISH. In these studies, it is difficult to know if disproportionately greater or fewer individuals with resistant hypertension were included. Specifically selecting participants based on cardiovascular risk may have increased the likelihood of including individuals with resistant hypertension. Furthermore, protocols for titration of antihypertensive medication were not designed to optimize three or four drug regimens. A non-optimal multi-drug regimen would falsely inflate resistant hypertension prevalence by worsening BP control. Of the four outcome trials, ACCOMPLISH showed the highest control rate by adding spironolactone, alpha-blockers or beta-blockers to amlodipine plus benazepril versus hydrochlorothiazide plus benazepril. The resulting number of individuals uncontrolled on X3 medications was low (8.4% among treated hypertensive individuals).
Some of the studies provide insight into the amount of underestimation or overestimation associated with each cause. For example, de la Sierra et al. 22 found that 35.7% of the uncontrolled resistant population had white-coat hypertension. Daugherty et al. 27 found that 12.4% of the uncontrolled resistant population was nonadherent to their medical regimens, as defined by pharmacy refill rates. Data from Egan et al. 24 suggest that with uptitration in the number of antihypertensive medications, the prevalence of resistant hypertension increases up to 12.1%. In addition, a study designed to identify the degree of medicine adherence within the resistant hypertension population showed that 53% of the uncontrolled individuals were nonadherent by urine toxicology. 31 Among those who were nonadherent, 30% were taking no antihypertensive medication. Taken together, these studies suggest that pseudo-resistant hypertension due to nonadherence or white-coat hypertension likely make up half of all uncontrolled resistant hypertensive individuals. Therefore, the prevalence of true resistant hypertension would be estimated at 5.0% and 4.0% among treated and all hypertensive individuals, respectively. This small group of true resistant individuals, who stand to gain the most from early identification and aggressive treatment, is expected to shrink further over time. With concerted efforts on improving BP control assisted by the dissemination of strategies to simplify and optimize multiple medication regimens, BP control rates will likely continue to rise. This effect was seen in the study by Sim et al. 22 The use of a simplified BP treatment algorithm resulted in BP control rates of B67% in 2006-2007, which were higher than the 50% reported using the NHANES data for the same time period. 24 Notably, the Kaiser Permente BP treatment algorithm was updated to include mineralocorticoid antagonists in 2009 after the study period. Employing optimal dosing of an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker with a dihydropyridine calcium channel blocker and a diuretic, appropriately screening for secondary causes of hypertension and adding a mineralocorticoid receptor antagonist, BP control rates in individuals with resistant hypertensive can reach 91.5%. 32 Given that a small proportion of hypertensive patients fail optimal medication therapy, well-designed efficacy studies are needed to define the role of device-based therapies for treatment of resistant, both controlled and uncontrolled. Certainly, patients failing effective antihypertensive regimens warrant consideration for device-based treatments, but even controlled patients may be appropriate for such therapies if their quality of life can be substantially improved by reducing their pill burden and/or associated medication-related adverse events.
